We report the structure and the functional activity of the promoter region of ace-1, the gene encoding acetylcholinesterase of class A in the nematode Caenorhabditis elegans. We found that ace-1 was trans-spliced to the SL1 spliced leader and that transcription was initiated at a cluster of multiple starts. There was neither a TATA nor a CAAT box at consensus distances from these starts. Interspecies sequence comparison of the 5 H regions of ace-1 in C. elegans and in the related nematode Caenorhabditis briggsae identi®ed four blocks of conserved sequences located within a sequence of 2.4 kilobases upstream from the initiator ATG. In vitro expression of CAT reporter genes in mammalian cells allowed the determination of a minimal promoter in the ®rst 288 nucleotides. In phenotype rescue experiments in vivo, the ace-1 gene containing 2.4 kilobases of 5 H¯a nking region of either C. elegans or C. briggsae was found to restore a coordinated mobility to the uncoordinated double mutants ace-1 À ; ace-2 À of C. elegans. This showed that the ace-1 promoter was contained in 2.4 kilobases of the 5 H region, and indicated that cis-regulatory elements as well as coding sequences of ace-1 were functionally conserved between the two nematode species. The pattern of ace-1 expression was established through microinjection of Green Fluorescent Protein reporter gene constructs and showed a major mesodermal expression. Deletion analysis showed that two of the four blocks of conserved sequences act as tissuespeci®c activators. The distal block is a mesodermal enhancer responsible for the expression in body wall muscle cells, anal sphincter and vulval muscle cells. Another block of conserved sequence directs expression in pharyngeal muscle cells pm5 and three pairs of cephalic sensory neurons.
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Introduction
In vertebrates, acetylcholinesterase (AChE, EC 3.1.1.7.), a key enzyme of the central and peripheral cholinergic synapses, is encoded by a single gene that gives rise to two major types of transcripts and to a complex array of molecular forms possessing different modes of association to cell membranes (Massoulie Â et al., 1993) . Early expression of the mammalian AChE gene (before the onset of nerve and muscle differentiation) was shown to depend on a competition between the transcription factors Egr-1 and Sp1 in mouse muscle cells and between Sp1 and AP2 in human cells (Getman et al., 1995) . During further differentiation of muscle (Fuentes & Taylor, 1993) and nerve cells (Coleman & Taylor, 1996) , the increase of AChE activity is mainly due to a tissue-speci®c stabilisation of labile transcripts rather than to an increase of gene transcription.
In invertebrates, AChE was ®rst studied as the target of anticholinesterase agents used as insecticides and nematicides. We are interested in the effects of these drugs on nematodes, whose excitatory neuromuscular transmission is cholinergic. For this, we have undertaken the analysis of their AChEs at the molecular level in the powerful experimental model constituted by the soil nematode Caenorhabditis elegans (Hodgkin & Herman, 1998) .
In C. elegans, three distinct structural genes of AChE have so far been identi®ed by genetic methods: ace-1 (Johnson et al., 1981) , ace-2 and ace-3 (Johnson et al., 1988) , which encode three pharmacological classes of AChE (classes A, B and C) with different molecular forms (Johnson & Russell, 1983; Kolson & Russell, 1985; Arpagaus et al., 1992) . Homozygous mutants in ace-1, ace-2 or ace-3 have no visible phenotypes. This indicates that no single activity is essential. In contrast, double mutants ace-1 À ; ace-2 À are severely uncoordinated, and the triple mutant is lethal. This shows that ace-3 is able to maintain alive the ace-1 À ; ace-2 À mutant but cannot ful®l all the functions of ace-1 and ace-2. The comparison of the phenotypes ace-1 À ; ace-3 À or ace-2 À ; ace-3 À to ace-1 À ; ace-2 À suggests that ace-1 and ace-2 are two essential components for normal mobility, that share overlapping functions and might functionally compensate for one another.
In an attempt to understand the functions of the multiple ace genes in nematodes, we ®rst cloned ace-1 (Arpagaus et al., 1994) and ace-2 as well as two other ace genes located in close proximity on chromosome II (Grauso et al., 1998) . We are now interested in determining the mechanisms and factors involved in the expression of these genes. Here, we have analysed the structure and the promoter activity of the 5
H¯a nking region of ace-1. We show that ace-1 is mainly expressed in body wall muscle cells. This cellular speci®city appears to be dependent on a distal promoter enhancer.
Results

Characterization of the 5
H UTR of ace-1 mRNAs in C. elegans A genomic DraI-SphI fragment of 1.2 kb in the 5 H anking region of ace-1 in C. elegans containing the initiator codon ATG was subcloned from cosmid W09B12 and sequenced (GenBank accession number U91901). In order to delineate the 5 H UTR of ace-1 mRNA, transcription start sites were determined by 5
H RACE experiments using the synthetic oligonucleotide P1 for reverse transcription and then a nested primer P2 with an anchor primer for PCR ampli®cation (see Figure 1 for the positions of P1 and P2 (Krause & Hirsh, 1987) , a sequence added to mRNAs of approximately 60 % of C. elegans genes by trans-splicing (Blumenthal & Steward, 1997) . Thus ace-1 mRNAs were transspliced to SL1. However, the ace-1 cDNA clone from C. elegans isolated in our previous work was not trans-spliced (Arpagaus et al., 1994) . To resolve this apparent discrepancy, we tested whether both types of ace-1 messengers, trans-spliced and nontrans-spliced could be detected in total mRNAs from C. elegans. For this purpose we used RT-PCR with one antisense oligonucleotide (R7) located in the coding exon 3 of ace-1 and either SL1 or S11 as sense primers for ampli®cation of trans-spliced and non-trans-spliced mRNAs, respectively (see Figure 1 (a) and (b) for the positions of primers). Both ampli®cations were positive (Figure 2 ), indicating that both types of ace-1 mRNAs coexisted. It is interesting to note that the non-trans-spliced mRNAs were cis-spliced: the size of the PCR band (585 nt) showed that introns 1 and 2 (818 47 nt) had already been excised (Figure 2 ).
Because the trans-spliced mRNAs largely predominate in the steady-state RNA population (Krause, 1995) , determination of the transcription start site(s) is rendered dif®cult. We thus performed 5
H RACE experiments using an antisense oligonucleotide located upstream of the addition site of SL1 (antisense R14 in Figure 1(a)) . A band at 100-150 nt was obtained, cloned and sequenced. In two independent experiments we found three clones terminating at nt À168 (site A), one at nt À178 (site B) and two at nt À196 (site C, Figure 1(b) ). The fact that identical 5 H ends (A and C) were found in independent experiments strongly suggests that they are real starts, but in order to identify what could be minor initiation sites, we performed additional RT-PCR experiments. A ®rst strand of ace-1 cDNA was generated and used as template for PCR ampli®cation with a common reverse primer (R7) and a series of sense primers (S1 to S8) located either downstream (S1 and S2) or upstream (S3 to S8) of the transcription start site C de®ned above (see Figure 1 (b) for precise position of primers). PCR ampli®cations were performed in parallel on genomic DNA as a positive control (Figure 3(a) ) and on the ®rst strand of cDNA (Figure 3(b) ). We found that a band with the expected size was ampli®ed on genomic DNA with all pairs of primers, whereas the mRNA template produced an ampli®ed band with pairs S1-R7 to S6-R7, but not with S7-R7 or S8-R7. This indicates that other transcription start(s) occur between site C and the primer S6. Thus ace-1 transcription in C. elegans is initiated at multiple starts.
In the proximal 5
H region (1/ À 300) of ace-1 the G C content is approximately 40 % and no TATA box nor CAAT box is found at consensus distances from transcription start sites.
Sequence comparison of 5
H flanking regions in ace-1 of C. elegans and C. briggsae Despite a complete morphological conservation between C. elegans and C. briggsae, their genomes differ extensively. A comparison of 18 S ribosomal DNA sequences suggests that the divergence between these species is as large as that between mammals and reptiles (Fitch et al., 1995) . The identi®cation of conserved sequences between noncoding regions of homologous genes in Caenorhabditis species is thus a useful tool to identify potential regulatory elements (Xue et al., 1992; Kennedy et al., 1993) . We compared the nucleotide sequence of ace-1 in C. briggsae and C. elegans. Coding sequences in both species share 80 % identity but intronic and 3 H untranslated regions show poor homology (Grauso et al., 1996) . We subcloned a 4.3 kb EcoRI fragment of the 5
H¯a nking region of ace-1 in C. briggsae from a genomic clone, ljcl#l8, that we had previously isolated, and sequenced 2.6 kb upstream of the ATG on both strands (GenBank accession number U91833). We also showed by RT-PCR that ace-1 transcripts of C. briggsae were trans-spliced to SL1 at nt À93 (not shown). During the course of this study, the C. elegans Sequencing Consortium released a partial sequence of the genomic DNA cosmid W09B12 that covered 5.2 kb of the ace-1 5 H region in C. elegans. Thus, using the GCG packaging software, we performed a dot matrix comparison on 2.6 kb of 5
H¯a nking regions in both species from the translation initiator ATG. The overall nucleotide identity was low (40 %) but A portion of the gene is drawn extending from nt À500 (A of the translation initiator ATG is nt 1) to a region of coding sequence within exon 3. The vertical arrow on the left shows the site of trans-splicing to SL1. SL1 is also a sense primer (5 H -GGTTTAATTACCCAAGTTTGAG-3 H ) used in PCR experiments to detect trans-spliced transcripts. S11 is the sense primer used to detect non-trans-spliced ace-1 mRNAs. P1 and P2 are antisense primers used in 5 H RACE (P1 for retrotranscription, P2 for PCR). R7 and R14 are reverse primers located respectively downstream (in exon 3) and upstream of the trans-splicing site. S1 to S8 primers were used to study 5 H ends of ace-1 by RT-PCR. i 1 and i 2 , location of ®rst and second intron. (b) Detailed ace-1 sequence of 455 nucleotides upstream of initiator ATG. Note a second in-frame ATG (À18, boxed) and a stop codon (À9), boxed), the trans-splicing site (at nt À88, double arrowhead). Potential transcription starts A, B and C, determined by 5 H RACE, are indicated by single arrowheads. Horizontal arrows (S1 to S8) show the exact locations and sequences of sense primers used in PCR with the antisense oligonucleotide R7 for determination of the longest transcript (see Figure 3) .
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the dot matrix comparison (Figure 4 (a)) clearly identi®ed four blocks of highly conserved sequences (66 to 88 % identity). In a sequence of 704 bp upstream of the initiator ATG, we found three distinct blocks of identity (CS1, CS2 and CS3) and a fourth block (CS4) was identi®ed in a region located between À1731 and À2140 (Figure 4(a) ). Using CLUSTALW, we performed sequence alignments of these four blocks (Figure 4(b) ).
In CS1, a sequence of 35 nt immediately upstream of the initiator ATG was highly conserved (91 %) in both species. This sequence contained an additional in-frame ATG (A at nt À18 followed by an in-frame stop codon TGA (T at nt À9). Just upstream of the trans-splice site (A À 88 and A À 93 in C. elegans and C. briggae, respectively), a 17 nt long sequence terminating with TTTT(T/C)AG, a reasonable splice site, was also conserved. Three additional sequences were conserved between nt À158 and À268, corresponding to the transcription starts A, B and C determined by 5
H RACE in C. elegans. A fourth conserved sequence was compatible with an additional transcription start site, already suggested by RT-PCR experiments in Figure 3 . Further upstream in this proximal region CS2 (58 bp) and CS3 (140 bp) presented 72 and 88 % of identity, respectively. In the 5 H -distal region, a fourth block, CS4 (409 bp) showed an identity of 70 % between the two species.
We searched for consensus binding sites of transcription factors in those conserved blocks, using the web server TESS (Schlug & Overton, 1997 , http://agave.humgen.upenn.edu/tess/html). These consensus sites are indicated by horizontal bars in Figure 4 (b). In CS3, we found one GATA site immediately followed by a sequence resembling the consensus binding site for CEH-22, a Nktype transcription factor. CS4 contains one binding site for Skn-1, one E-box and three GATA sites, one of which is followed by a consensus binding sequence for Egr-1/Sp1.
Expression of CAT constructs in mammalian cells
In order to de®ne core promoter elements and to test whether the conserved sequences identi®ed above could quantitatively modulate the basal activity of the promoter, we needed an expression system allowing a quanti®cation of transcriptional activity. We chose the expression of CAT reporter gene in mammalian cell lines (10T1/2 and C2 cells), since no cell line of C. elegans is available so far. Different 5 H fragments were cloned into the polylinker of the pCAT vector. The longest construct (pCAT2398) possessed all four conserved blocks, whereas successive deletions corresponded to removal of block CS4 in pCAT1014 and pCAT698, of CS3 in pCAT494 and of CS2 in pCAT288. Both 2398 bp and 1014 bp fragments inserted in antisense orientation were used as negative controls along with the pCAT basic vector. We obtained an expression of CAT driven by different deletions of the ace-1 5 H region in 10T1/2 and C2 cells that always represented less than 5 % of the Figure 2 . Coexistence of trans-spliced and non-transspliced ace-1 mRNA. Reverse transcription of total RNAs was performed by random priming. PCR ampli®-cation was performed on cDNAs with primers S11-R7 (lane 2) or SLl-R7 (lane 4). Lanes 1 and 3 are negative controls for 2 and 4 (no template). The expected sizes of fragments were 585 bp (S11-R7, lane 2) and 549 bp (SL1-R7, lane 4), respectively. M, size marker (1 kb ladder, BRL). Figure 3 . RT-PCR analysis of 5 H ends of ace-1 mRNAs. PCR ampli®cations were performed either on (a) genomic DNA or (b) on the ®rst strand of ace-1 cDNA using a common reverse primer (R7) and several sense primers (S1 to S8). The position and sequences of primers S1-S8 are indicated in Figure 1 (b). Lanes 1 to 8, ampli®-cations with pairs S1-R7 to S8-R7. Lane 9, negative controls containing a mixture of all sense primers and R7 without template. M, size marker (1 kb ladder, BRL). The expected sizes of ampli®ed bands range from 1490 to 1547 nt on genomic DNA and from 630 to 680 nt on cDNAs. Note the lack of ampli®cation on mRNAs with S7 and S8.
positive control pCATSV40. However, these activities were higher than those obtained with the three types of negative controls. No signi®-cant difference (at p < 0.05) was observed in CAT activity produced by all sense constructions, except for the longest one, pCAT2398, which showed a decreased CAT activity (p < 0.01). The conserved blocks CS2 and CS3 did not affect the transcriptional activity, whereas CS4 in this system acts as a transcriptional repressor. These results also show that a basal promoter lies within the short proximal fragment of 288 bp upstream of the translation initiator.
Rescue of the ace-1 À ; ace-2 À phenotype by ace-1
It is possible to inject DNA in the syncytial part of the gonad of adult hermaphrodite C. elegans and to analyse the effects of transgene expression on phenotypes in the F1 progeny and in derived stable transgenic lines (Mello et al., 1991) . Usually, injected plasmid DNA recombines into large multimers (extrachromosomal arrays) that replicate as normal chromosomes but are inherited in a non-Mendelian way to 10-90 % of the F1 progeny (Mello & Fire, 1995) . The functionality of the proximal 2.4 kb of 5
H region of ace-1 was tested in vivo in phenotype rescue experiments of double mutants ace-1 À ; ace-2 À injected with the ace-1 gene from either C. elegans or C. briggsae. Since single mutants in ace-1 or ace-2 are reported to give no visible phenotype , we compared the phenotype of transformed animals to the wild-type. We coinjected double mutants with the plasmids pCeace-1 or pCbace-1 and the marker plasmid pPD93.65 (unc-54::GFP, see Materials and Methods). F1 transformants were thus identi®ed by GFP expression in body wall muscle cells, driven by the unc-54 promoter. We injected 62 double mutants with pCeace1, which resulted in 15 transformants in F1 and three stable lines. In one stable line, the transgene was stably integrated and exhibited 100 % inheritance to the progeny. Another 20 animals were injected with pCbace1, which led to three transformants in F1 and one stable line.
The double null mutants ace-1 À ; ace-2 À are severely uncoordinated and this results in a clear impairment of locomotion. Figure 5 (a) shows a comparison of the tracks left on the agar of a Petri dish by a single wild-type, an ace-1; ace-2 or a rescued transformant for 15 hours at 20 C. Whereas the wild-type (N2) worm widely explored the whole dish, the tracks of the double mutant remained packed at the centre. Transformation with ace-1 led to an apparent restoration of mobility. Sinusoidal tracks produced by one wild-type (WT) and one transformant (TR) animal are similar if not identical, but very different from that of the double mutant (DM). We further studied transgenic animals (carrying either pCeace-1 or pCbace-1) derived from stable lines. The histochemical localisation of AChE activity and the molecular forms of AChE were studied in transformant worms in comparison to WT and DM. In Figure 5 (b), the histochemical staining of AChE activity was localized to the nerve ring, ventral cord, pharyngeal-intestinal valve and anal region in the wild-type but was totally undetectable in the double mutant ace-1 À ; ace-2 À , as previously reported . In the transformant AChE activity was detected in the nerve ring, ventral nerve cord and in the tail region ( Figure 5(b) ). Unexpectedly, we noted AChE staining in the pharyngeal-intestinal valve of the transformant, although ACE-2 was the only enzyme reported to be expressed in those cells and see Figure 5(b) ).
Measuring the wavelength and amplitude of the tracks showed that transformants were similar to wild-type animals (Table 1 and Figure 5(a) ). However, when the rate of movements was considered, the wild-type phenotype was not completely restored (14 versus 24 bends per minute, Table 1 ). This could be due to an incomplete expression of the transgene, but it raises the possibility that the enzymes ACE-1 and ACE-2 are not totally redundant. Thus, subtle differences may exist between the wild-type and the single mutants ace-2 À , without being detectable by visual inspection. For this reason, the single mutant ace-2 À (which is the real 
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control of the rescue of the double mutant by ace-1) was included in the comparison. Table 1 shows parameters of movement and AChE activity in the four genotypes (WT, ace-2 À , ace-1
. From these values, it appears that the null mutation in ace-2 results in a slight de®ciency in the rate of locomotion. Table 1 also shows that transformation by exogenous ace-1 from C. elegans does not fully restore the rate of locomotion in transformants, compared to ace-2 À animals (see Discussion). However, it should be noted that populations of transformants were heterogenous and that some animals appeared completely reverted to an ace-2 À phenotype. The comparison of AChE content in ace-2 À and TR showed a normal level of ace-1 expression in transformants (Table 1) although dot blot analyses indicated the presence of multiple gene copies in transformants (not shown). The analysis of molecular forms of AChE in transgenic worms showed two major components sedimenting at 3.5 S and 12 S (not shown) that correspond to monomeric and tetrameric forms, as expected for ACE-1 (Arpagaus et al., 1994; Talesa et al., 1995) .
Expression pattern of ace-1::GFP constructs
To determine the expression pattern of ace-1, we injected wild-type C. elegans with a vector containing 4 kb of 5 H region of ace-1 in translational fusion to the reporter gene GFP (Chal®e et al., 1994; and see Materials and Methods) . This construct (pCe4079 in Figure 6 ) was coinjected with the marker plasmid pRF4 and GFP expression was analysed in transgenic worms. In adult animals (Figure 7) , GFP signal was found in all body wall muscle cells, in the three pharyngeal cells pm5 and in the anal sphincter muscle. A weak expression was observed in four of the eight vulval muscle cells (vm1) whereas in males, GFP was expressed in diagonal and spicule muscles (not shown). GFP was expressed also in three pairs of cephalic sensory neurons located in anterior (two pairs) and dorsal (one pair) head ganglia, respectively (Figure 8 ). These neurons possessed endings in the labial region and were identi®ed as the outer lateral labial cells (OLL) and the four sensory cephalic neurons CEP (the ventral CEP pair is ventral and anterior to the nerve ring, the dorsal CEP pair is posterior to the nerve ring).
During development, GFP was detected in embryos at the 1-1/2-fold stage, in one muscle quadrant. For larval stages, we observed an expression pattern similar to that in adults, except that in early L1, a strong signal was detected in the mesodermal M cell in the mid-part of the body (Sulston & Horvitz, 1977) .
We tested whether HLH-1 and CEH-22, two transcription factors for which potential binding sites were identi®ed in CS4 and CS3, respectively, controlled the expression of ace-1. For this we injected pCe4079 in the null mutant strains hlh-1 (cc450) and ceh-22 (cc8266). In both cases the pattern of GFP expression was similar to that observed in wild-type animals. 
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Effects of deletions of promoter region on GFP expression
In order to investigate the role of the different conserved blocks CS4, CS3, CS2 and CS1 in the control of ace-1 expression, we performed an analysis of serial deletions of the ace-1 promoter. We ®rst injected a translational fusion containing 2.4 kb of 5
H region (pCe2398a in Figure 6 ) and reproduced the pattern observed with pCe4079. A transcriptional fusion with the same region (pCe2398b in Figure 6 ) gave similar results. This indicates that the region upstream of À2398 is not necessary for a normal ace-1 expression. When we injected the next construct pCe2049, in which 92 bp of the 5 H end of CS4 were removed (Figure 6 ), GFP expression was lost in body wall muscle cells and in anal muscle cells but persisted in four vul- H region and the complete coding sequence in C. elegans (pCeace1) were injected in the syncytium of the gonad of adult double mutants ace-1 À ; ace-2 À (DM), together with the selection marker unc-54::GFP (pPD93.65). In this experiment, the wild-type N2 strain (WT) was used as a transformation control, since it was reported that single null mutants in ace-1 or in ace-2 had no phenotype. TR, transformant animals. (a) Traces of a single worm (WT, DM or TR) left for 15 hours at 20 C on a Petri dish and higher magni®cation of those traces. (b) Histochemical staining of AChE activity was performed on stable transgenic worms (TR), identi®ed by GFP expression in body wall muscle cells, and compared to that in wild-type (WT) and in the double mutant ace-1 À ; ace-2 À (DM). Note (a) the recovery of an apparent normal locomotion and (b) the reappearance of histochemical staining in transformants. A similar rescued phenotype was obtained with the ace-1 gene from C. briggsae (pCbace-1). nr, nerve ring; vnc, ventral nerve cord; piv, pharyngeal-intestinal valve; ag, region of anal ganglia (staining in this region was reported to be due to anal ganglia and to the depressor ani muscle, see Culotti et al., 1981) . H region were cloned into pPD95.69. For numbering, A of ace-1 ATG is 1. Inserts terminating at 18 were used in translational fusions: they included the ®rst 18 nt of coding sequence of ace-1. The other inserts contained 5
H region terminating at nt À5 and the ATG of GFP coding sequence (transcriptional fusions). The two types of constructs gave similar effects. The nomenclature of vectors is based upon the length of 5
H region of ace-1 in the inserts. pCe 2049 deletes 92 bp on the 5 H end of CS4. pCem1 is a transcriptional fusion associating the full 409 bp of CS4 to CS1 (283 bp) and pCem2 contains the 90mer muscle enhancer found in the third intron of unc-54 (Okkema et al., 1993; Jantsch-Plunger & Fire, 1994) associated to CS1. mc, body wall muscle cells; am and vm, anal and vulval muscle cells; pm5, pharyngeal muscle cells pm5.
val muscle cells. Expression in vulval cells was lost when we injected pCe1014, so that transformants expressed GFP only in neurons and pm5 cells, a pattern that is similar to that observed with pCe698, the next deletion tested (Figure 6 ). GFP expression was lost in pm5 and sensory neurons with deletions p493 (deleting CS3) and pCe288 (deleting CS2). The results obtained with pCe2049 and pCe1014 suggested that CS4 controlled muscle expression. We therefore tested the effects of a construction where the 409 bp of CS4 were fused immediately upstream of the minimal promoter CS1 (pCem1 in Figure 6 ). Two types of pCem1 constructs were used with CS4 in both orientations: we observed GFP signal in body wall, vulval and anal sphincter muscle cells. This demonstrates that CS4 contains a muscle enhancer and that CS1 acts as a minimal promoter as previously suggested by CAT assays. This was further con®rmed using pCem2 ( Figure 6 ) that associated the muscle enhancer of unc-54 to CS1 and gave the same muscle pattern of expression as pCem1.
Discussion
We present here a structural and functional study of the promoter region of ace-1, the gene encoding AChE of class A in C. elegans. In vertebrates, similar analyses of 5 H regions of AChE were reported in Torpedo (Ekstro È m et al., 1993), mouse (Li et al., 1993; Mutero et al., 1995) and human (German et al., 1995) . Since in some instances, such as metallothioneins (Freedman et al., 1993) , structural and functional similarities were conserved between 5 H regions of homologous C. elegans and vertebrate genes, we looked for such conservation in the case of AChE. We found no homology or similarity between the 5 H region of ace-1 (A T-rich) and the corresponding sequences in vertebrate AChE genes T G-rich). These observations suggest that the mechanism of transcription control differs between vertebrate and invertebrate AChEs. Some C. elegans genes have transcriptional control elements in introns or at their 3 H end (Colbert et al., 1997) . We compared intronic and 3 H sequences of ace-1 in C. elegans and C. briggsae (Grauso et al., 1996) and found no conservation of potential regulatory elements. We thus focused on the 5
H¯a nking region although we do not rule out the possibility that cis elements within coding sequences may also regulate transcription.
We report that the ace-1 gene in C. elegans is devoid of TATA and CAAT boxes, and possesses multiple starts of transcription as reported in a few other genes of C. elegans (cha-1, Alfonso et al., 1994; dpy-7, Gilleard et al., 1997) . Whereas a TATA box was found in Torpedo and Drosophila AChEs, no TATA box was found in human or mouse AChEs (Getman et al., 1995) . In the absence of a TATA box, transcription may be initiated at multiple, tightly clustered sites that follow an initiator (Inr) consensus sequence (Smale & Baltimore, 1989) . In insects, Inr sequences were also reported as functional promoter elements (Cherbas & Cherbas, 1993; Liu et al., 1998) . Some of the transcription starts of ace-1 were found in sequences resembling an Inr consensus sequence (Javahery et al., 1994 ), but we did not test the functionality of these sequences in binding the preinitiation complex of transcription.
The comparison of 5 H sequences between C. elegans and C. briggsae revealed a highly conserved feature: an additional in-frame ATG was located 18 nt upstream of the translation initiator with an in-frame terminator codon located at nt À9. This structure was initially thought to reduce ace-1 expression at the translational level, although preliminary experiments with GFP constructs showed no effect of a mutation of the upstream ATG (unpublished results). It is known that reinitiation at the 5 H downstream ATG is signi®cant when the upstream ATG is in a weak context and is shortly followed by a stop codon (Kozak, 1984) . In a recent review, Blumenthal & Steward (1997) showed that the optimal context of the AUG in C. elegans [AAAAAUG] is quite different from that of vertebrates [(A/G)CCAUG] and resembles that of yeasts and ciliates. It thus appears that both AUGs of ace-1 lie in a weak context in C. elegans and in C. briggsae (GAUUAUG and AAGGAUG for upstream and downstream AUGs, respectively). Therefore, the upstream AUG would not signi®-cantly reduce translation (weak context, presence of a terminator in close proximity; Kozak, 1984) but the weak context of the functional AUG per se could prevent an optimal translation. This might explain the contrast between the relatively high level of ace-1 mRNA and the low level of protein in C. elegans in vivo (Arpagaus et al., 1994) .
We found that ace-1 was trans-spliced to the SL1 spliced leader in C. elegans and in C. briggsae. Trans-splicing results in the addition of a 22 nt long sequence that becomes the new 5 H end of the transcript. It confers an advantage for translation, through an increased af®nity of trans-spliced mRNAs for polysomes (Maroney et al., 1995) . Multiple starts of transcription, as observed in ace-1, result in a heterogenous collection of 5 H ends in pre-spliced-mRNAs, that could conceivably differ in translation ef®ciency. In trans-spliced genes such as ace-1, addition of SL1 at a single acceptor site renders the 5 H ends of mRNA homogeneous towards the translation machinery. It should be noted that the site of trans-splicing in ace-1 is unusually far from the translation start: a survey of 83 other trans-spliced genes in C. elegans indicated that only 5 % had a distance longer than 30 nt (Blumenthal & Steward, 1997) .
We showed that both non-trans-spliced and trans-spliced transcripts of ace-1 coexisted in a single RNA preparation, but our 5 H RACE experiments showed that trans-spliced messengers were prominent. In cha-1 also two types of mRNAs were detected but non-trans-spliced were found to be the major species (Alfonso et al., 1994) . It is not known whether non-trans-spliced and trans-spliced RNA are two different species (produced, for example, in different tissues) or if they represent successive steps of RNA maturation (pre-spliced/ trans-spliced). In any case, cis-splicing may occur without trans-splicing, as shown in Figure 2 .
We studied the functional activity of the 5 H region of ace-1 in mammalian cells (10T1/2 and C2) transformed with CAT reporter constructs. Previous experiments had shown that promoters of C. elegans hsp16 genes may be ef®ciently transcribed in mouse ®broblasts (Kay et al., 1986) . The promoter activity of hlh-1 (encoding the equivalent of MyoD in C. elegans) was also demonstrated in mouse 10T1/2 ®broblasts (Krause et al., 1992) . We observed that our CAT constructs, which included different fragments of the 5 H region of ace-1, were also expressed in both 10T1/2 and C2 mouse cells, and this allowed us to de®ne a short 5 H region (288 bp upstream of the translation initiator codon ATG) that appeared to be suf®cient for transcription (minimal promoter). We did not observe any signi®cant variation of CAT activity between the different constructs, except for the longest one, which showed a lower CAT activity. This observation suggests the presence of an inhibitory cisacting element in the distal portion of the promoter. A similar inhibition of reporter activity was found in 10T1/2 cells when a long fragment (3 kb) of the¯anking region of hlh-1 was used instead of a short 340 nt portion (Krause et al., 1992) . In this case, as well as in ours, the long portion was required, however, for a normal (complete) pattern of tissue expression in vivo by germ-line transformation D5 (Krause et al., 1994) . This result, as well as the apparent lack of function of blocks CS2 and CS3 in this system, shows that cis-regulatory sequences of C. elegans are not recognized in the same way by the transcriptional apparatus of the mouse cells.
Phenotype rescue
So far, the only available data on the functional regulation of AChE expression in invertebrates in vivo concerned the locus Ace in Drosophila. A minigene containing a 1500 bp long fragment of the 5
H region of Ace upstream of the whole coding region was able to rescue null mutants in Drosophila (Hoffmann et al., 1992) . In these experiments, where integration of the transgene was mediated through the use of a P transposon, a single copy of the AChE gene was expressed (or two copies after crossing transformants inter se). The rescue was rare with one Ace copy but apparently normal with two. A normal tissue distribution of AChE was observed in the rescued¯ies. Similarly, we were able to rescue uncoordinated homozygous mutants ace-1 À ; ace-2 À by injecting the ace-1 coding region driven by 2.4 kb of the 5
H¯a nking region. In addition, rescue of mutants of C. elegans was obtained with similar constructs from C. briggsae ace-1, indicating that regulatory elements of ace-1 in this species were suf®ciently conserved to direct a correct expression of the transgene, and that the encoded protein ful®lled the same function(s) in both species. Although preliminary dot blot analyses showed that transformants possessed several copies of the transgene (not shown), this did not result in an overexpression of AChE. This could be due to the partial silencing of integrated transgenes due to a particular structure of the chromatin (Dorer & Henikoff, 1994) . We observed an apparently normal tissue localisation of AChE in transformants, except for cells of the pharyngealintestinal valve. In wild-type animals, ACE-2 is observed in those cells, but not ACE-1 . Since we never observed any GFP signal in those cells, we do not rule out the possibility of a secondary transport of ACE-1 to cells of the pharyngeal-intestinal valve. We observed a¯uor-escence in the anal sphincter, one of the four enteric muscles, and this is in good agreement with previous histochemical localisation of AChE activity . However, the function of AChE in this cell remains puzzling, since enteric muscles are innervated by a single GABAergic excitatory innervation (Avery & Thomas, 1997) .
ace-1 Promoter in Caenorhabditis elegans
It should be stressed that we observed a slight phenotypic difference between the ace-2 single mutant and the wild-type animal ( Table 1) , suggesting that ace-1 and ace-2 are not fully redundant. We are now currently investigating the comparative regulation of ace-1 and ace-2, in order to establish the precise tissue localisation of both enzymes. Interestingly, preliminary dot-plot analyses of ace-1 and ace-2 promoters in C. elegans failed to show any conservation of sequence or structure between the two promoters (unpublished results).
Expression pattern of ace-1
A region encompassing the four conserved blocks CS1 to CS4 was suf®cient to obtain GFP expression in all body-wall muscle cells, in the pharyngeal muscle cells pm5 and in three pairs of sensory neurons in head ganglia. This pattern of expression was established through several independent experiments and on a large number of animals. It apparently differs from histochemical staining, which does not stain muscle cells but reveals nerve ring, dorsal and ventral nerve cords . Other reports showed, using mosaic analyses, that ace-1 was a major functional AChE at neuromuscular junctions, and was produced by muscle cells (Herman & Kari, 1985; Johnson et al., 1988) . These observations could be explained if ACE-1 AChE is transported within muscle cells and accumulates at synapses along nerve cords. Thus the nerve ring and cords (rich in synaptic sites) are positively stained by histochemistry but not body wall muscle cells. Deletion experiments show that block CS4 is responsible for ace-1 expression in body wall muscle cells as well as in anal sphincter and vulval muscle cells. The 5 H -distal portion of CS4 (À2140 to À2049) is clearly involved in the control of expression in body wall muscle cells. This CS4 sequence shows only a short homology with the body wall muscle enhancer of unc-54, restricted to a GAGA sequence (JantschPlunger & Fire, 1994) . The 3 H end of CS4 (À2049 to 1731) is responsible for vulval expression and contains an E-box (CATATG, the binding sequence of HLH-1). Interestingly, Harfe & Fire (1998) identi®ed a vulval enhancer in the promoter sequence of ceh-24, the core sequence of which is CATATG.
The pharyngeal muscle cells pump food into the intestine and hence are essential for viability. The expression of GFP in pm5 can be related to the cholinergic innervation of those cells by neuron M5 (Rand & Nonet, 1997) and is supported by our observations showing that double mutants pump food more slowly than wild-type animals (Culetto, 1998) . It should be noted that CS3 contains a DNA motif resembling a sequence present in the promoter of myo-2, a gene encoding a myosin speci®cally expressed in pharyngeal cells (Okkema & Fire, 1994) . This sequence is built of two closely apposed sites: one NKE site and one GATA site (Figure 4(b) ).
In C. elegans, a transcription factor CEH-22 was shown to bind the NK-class consensus sequence and to activate myo-2 expression in pharyngeal muscle cells (Okkema & Fire, 1994) . We observed, however, no effect of transcription factors HLH-1 and CEH-22 on the expression pattern of ace-1, indicating that different pathways are involved in the control of tissue-speci®c expression of ace-1.
Conclusion
The present results show that ace-1 is predominantly expressed in Caenorhabditis body wall muscles. Expression is controlled by a 2.4 kb portion of the 5 H -¯anking region. Analysis of potential binding sites for transcription factors and deletion experiments show that the ace-1 promoter consists of a basal promoter (CS1) whose activity is enhanced by separate, tissue-speci®c, activator elements (pharyngeal and body wall muscles, respectively).
Materials and Methods
Animals
The C. elegans strains used in this work were: wildtype N2, mutant ace-1 À (ace-1(p1000)X), mutant ace-2
The wild-type strain of C. briggsae was AF16. Nematodes were grown on NGM plates seeded with Escherichia coli OP50 as a food source (Brenner, 1974) . Synchronous populations were obtained using alkaline hypochloride as described by Lewis & Fleming (1995) .
DNA sequencing and sequence analysis
DNA sequencing was performed according to the dideoxynucleotide procedure of Sanger et al. (1977) . Fragments were sequenced using a Taq polymerase cycle sequencing kit (Applied Biosystems) and M13 universal dye primers and analysed on a DNA sequencer (model 370A from Applied Biosystems). Sequence comparisons were performed using the program BLAST and alignments were done with CLUSTALW followed by manual correction. We used Compare and DotPlot software from the Wisconsin Genetics Computer Group for alignment of the 5 H regions of C. elegans and C. briggsae (Devereux et al., 1984) . The nucleotide sequences of 5 H regions of ace-1 in C. elegans and C. briggsae have been submitted to the GenBankTM/EMBL Databank with accession numbers U91901 and U91833, respectively.
Analysis of the 5
H untranslated region of C. elegans ace-1
The ®rst nucleotide (A) of the translation initiator codon ATG of ace-1 (Arpagaus et al., 1994) is referred to as nt 1. For RNA isolation, worms from a mixed-stage population were puri®ed by sucrose¯otation (Sulston & Hodgkin, 1988) and RNAs were extracted according to the guanidinium thiocyanate method (Krause, 1995 we used the 5 H AmpliFINDER RACE kit (Clontech) with the antisense oligonucleotides P1, which anneals within exon 2 (see Figure 1(a) ), and P2, a nested primer within exon 2 (Figure 1(a) ). These experiments allowed the determination of the 5 H end of ace-1 mRNA transspliced by SL1. In order to identify the transcription start site, we used the antisense primer R14, which anneals just upstream of the trans-splicing site on non-transspliced mRNAs (Figure 1(a) ). In any 5 H RACE experiment, ampli®cation of the 5 H end of the human transferrin receptor from human placental poly(A) mRNA with speci®c primers provided in the kit was used as a positive control.
Another approach was used to detect additional transcription starts. A ®rst strand cDNA was synthesized and then used as a matrix for several PCRs with a common antisense primer R7 and a series of upstream sense primers (S1 to S8) located in the 5 H genomic region (Figure 1(a) and (b) ).
CAT assays
Basic pCAT plasmids were purchased from Promega. Fragments of ace-1 5 H region were ampli®ed by PCR using appropriate primers on cosmid W09B12 and the Expand High Fidelity Taq polymerase (Boehringer Mannheim). Restriction sites added to 5 H ends of primers allowed direct cloning of the fragments into the HindIII-PstI or HindIII-XbaI sites of the pCAT polylinker. Mouse ®broblasts (10T1/2) and muscle (C2) cell lines were obtained from the American Type Culture Collection (ATCC, Saint Louis, MO). Cells were grown as monolayers in 25 cm 2 culture¯asks at 37 C in a humidi®ed atmosphere containing 5 % CO 2 . Two¯asks were then transfected with equal volumes of a mixture containing 20 mg of each pCAT construct and 3 mg of a b-galactosidase reporter plasmid (pCH110, Pharmacia) precipitated by the calcium phosphate method (Sambrook et al., 1989) . CAT assays were performed using [ 14 C]chloramphenicol (ICN, 103 mCi/mmol) and n-butyrylcoenzyme A (Sigma) and normalized to b-galactosidase activity.
Constructions of plasmids containing the C. elegans and C. briggsae ace-1 genes These plasmids are called pCeace1 and pCbace1, respectively. For pCeace1, a 9.2 kb BglII-XhoI fragment was subcloned from the cosmid W09B12 into the vector pBSK (Stratagene). This fragment contained 2398 bp (2.4 kb) upstream of the initiator codon ATG, 6 kb of genomic coding region and 0.8 kb of 3 H sequence downstream of the stop codon. For pCbace-1, a 5.9 kb fragment containing the entire C. briggsae ace-1 gene (2560 bp (2.6 kb) of 5 H region upstream of the ATG, 3 kb of genomic coding region and 0.3 kb of 3 H sequence downstream of the stop codon) was ampli®ed by PCR using Expand High Fidelity Taq polymerase (Boehringer Mannheim) on l phage jcl#18 (Grauso et al., 1996) . PCR products were analysed by electrophoresis in a 1 % (w/v) agarose gel, puri®ed with PCR Qiaquick kit (Qiagen) and cloned into pGEM-T (Promega).
Constructions of GFP reporter gene fusions
For reporter gene constructs, fragments of 5 H region of ace-1 were ampli®ed by PCR and cloned into the HindIII-BamHI or Pst-BamHI sites of vector pPD95.69 provided by Dr Andrew Fire (Carnegie Institute, Baltimore). The nomenclature of vectors is based on the length of 5 H region inserted. pCe4079, pCe2398a and pCb2373 are translational fusions encompassing the ®rst three amino acid residues of ace-1. pCe2348b and other vectors containing deletions of the 5 H region (see Figure 6 ) are transcriptional fusions with promoter fragments ending at nt À5 and using the translation initiator ATG of GFP. pCem1 and pCem2 are transcriptional fusions with CS1 (288 bp) directly associated to either CS4 or the 90mer intronic enhancer of unc-54 (Okkema et al., 1993; Jantsch-Plunger & Fire, 1994) . For every construction used, the junctions were con®rmed by DNA sequencing and the presence of predicted restriction sites was checked within the insert. Plasmid DNA was prepared for injection using Qiagen-tip 100 kit (Qiagen).
DNA transformation of C. elegans
Germline transformation was performed by coinjection of test DNA at a concentration of 80 to 100 ng/ml and of a selection marker DNA at a concentration of 100 to 120 ng/ml into the distal part of the gonad, in adult C. elegans hermaphrodites, according to Mello et al. (1991) . Transformation rescue: Double mutants ace-1 À ; ace-2 À were injected with a mixture of either pCeace-1 or pCbace-1 and the plasmid pPD93.65 as a selection marker. This plasmid contains the unc-54 promoter fused to the coding region of GFP (unc-54::GFP). unc-54 encodes myosin heavy chain in body wall muscle cells. Transgenic animals were thus identi®ed by GFP¯uorescence in body wall muscles, picked up and grown on individual plates to examine further the rescue of phenotype. GFP reporter fusions: GFP reporter gene constructs were coinjected with the selection marker plasmid pRF4 in wild-type animals (N2). Plasmid pRF4 codes for a dominant collagen mutation rol-6 (su 1006) (Kramer et al., 1990 ) that confers a``roller'' phenotype: transformant animals roll and move in circles. Transformants were observed under UV illumination using a Axiophot Zeiss microscope equipped with Nomarski optics. Identi®-cation of neurons was performed according to White et al. (1986) .
AChE activity, molecular forms
Worms were extracted in low-salt buffer containing 1 % (v/v) Brij 97 (10-oleyl-ether, Sigma) using silica beads. AChE activity was determined by the spectrophotometric method of Ellman et al. (1961) , which measures the hydrolysis of acetylthiocholine, an analogue of ACh. Analysis of molecular forms was performed by centrifugation in sucrose gradients (5 % to 20 %) containing 0.5 % Brij 97 as described (Talesa et al., 1995) . Protein concentration was estimated by Bradford assay (BioRad, DC Protein Assay).
Histochemical staining of AChE activity in nematodes
To stain the AChE activity in wild-type, mutant and transgenic animals, we used the method of Karnovsky & Roots (1964) after three minutes incubation in acetone at room temperature. Acetone was removed by centrifugation. Staining intensity was followed under the dissecting microscope.
ace-1 Promoter in Caenorhabditis elegans
Analysis of movements A synchronous population was established for each type of animals (N2, ace-2 À , ace-1 À ; ace-2 À , transformants). Adult hermaphrodites of each genotype were placed on the bacterial lawn of an NGM plate and their sinusoidal tracks were photographed. The wavelength and amplitude were measured on photographs. The number of bends per minute was also counted.
Statistics
Mean, SD and SEM values were calculated using standard methods for analysing normal distributions. Differences were tested by calculation of con®dence limits (Student's t-test).
